Amorphous diamond, formed by high-pressure compression of glassy carbon, is of interests for new carbon materials with unique properties such as high compressive strength. previous studies attributed the ultrahigh strength of the compressed glassy carbon to structural transformation from graphite-like sp 2 -bonded structure to diamond-like sp 3 -bonded structure. However, there is no direct experimental determination of the bond structure of the compressed glassy carbon, because of experimental challenges. Here we succeeded to experimentally determine pair distribution functions of a glassy carbon at ultrahigh pressures up to 49.0 GPa by utilizing our recently developed double-stage large volume cell. Our results show that the C-C-C bond angle in the glassy carbon remains close to 120°, which is the ideal angle for the sp 2 -bonded honey-comb structure, up to 49.0 GPa. Our data clearly indicate that the glassy carbon maintains graphite-like structure up to 49.0 GPa. In contrast, graphene interlayer distance decreases sharply with increasing pressure, approaching values of the second neighbor C-C distance above 31.4 GPa. Linkages between the graphene layers may be formed with such a short distance, but not in the form of tetrahedral sp 3 bond. the unique structure of the compressed glassy carbon may be the key to the ultrahigh strength.
. The enhancements in mechanical properties of the compressed type-I GC have been explained by structural transformation of the type-I GC. In situ synchrotron X-ray Raman spectroscopy (XRS) measurement for the type-I GC showed a decrease of π-bonding feature with increasing pressure and its eventual disappearance at 44. 4 GPa 5 . The disappearance of the π-bonding feature was interpreted as a transformation from a nearly 100% sp 2 -bonded graphite-like structure at ambient pressure to a fully sp 3 -bonded diamond-like structure above 44. 4 GPa 5 . Similarly, optical Raman spectroscopy measurement for the type-I GC showed a weakening of the G-band (~1600 cm −1 ) feature at high pressures, which was also interpreted as the result of the sp 2 -sp 3 structural transformation at high pressures 6 . In addition, it has been reported that GCs with partially 7 or fully 8 sp
3
-bonded structures were synthesized by heat treatments under high-pressure conditions (25 GPa and 400-1000 °C for the partial sp 3 -bonded structure 7 ; 50 GPa and 1523 °C for the full sp 3 -bonded structure 8 ). Electron energy loss spectroscopy (EELS) measurements of these recovered samples showed reduction or disappearance of the π-bonding feature, which was also considered as the evidence of partially 7 or fully 8 sp 3 -bonded structure in the compressed type-I GC. For the "high-temperature" GC, recent studies 9,10 on high-pressure structural behavior of a Sigradur-G GC showed that the sp 3 bond drastically increases above 30 GPa under cold-compression, associated with collapses of fullerene-like structures.
However, all the previous studies on the compressed GC show only a decrease or disappearance of the π-bonding feature as evidence of the transformation from the graphite-like sp 2 -bonded structure to the diamond-like sp 3 -bonded structure. Although the disappearance of the π-bonding feature may indicate some bonding changes in the compressed GC, it does not directly indicate the formation of the diamond-like sp 3 -bonded structure. In addition to the EELS measurement, Zeng et al. 8 measured X-ray diffraction (XRD) patterns of the quenched amorphous diamond, and compared the measured data with the structure factor of a fully tetrahedral sp 3 -bonded amorphous carbon structure from ab initio molecular dynamics simulations. It is noticeable that the first and the second peak positions of the XRD pattern of the quenched amorphous diamond are different from the simulation result. It is still unclear whether the so-called "amorphous diamond" consists of the diamond-like sp 3 -bonded structure. To identify the bonding state in the compressed GC (i.e., sp 2 -or sp 3 -bonded structure), the C-C-C bond angle obtained from the pair distribution functions g(r) is the most essential information. In the sp 2 -bonded structure such as graphite, the C-C bond structure consists of trigonal planar geometry with the C-C-C bond angle of 120°. On the other hand, in the sp 3 -bonded structure such as diamond, a tetrahedrally coordinated carbon exhibits the C-C-C bond angle of 109.5°. Thus the C-C-C bond angle can provide a direct and critical test for the sp 2 -or sp 3 -bonded structure under high pressures. The g(r) and the C-C-C bond angle of a GC at high pressures have been experimentally determined by Zhao et al. 4 , whereas the experimental pressure was limited to 14.3 GPa, because of experimental challenges such as requirement of large sample volume for measuring X-ray diffraction from weakly scattering GC samples.
In this paper, we determined g(r) of the type-I GC at high-pressure conditions up to 49.0 GPa under room temperature by utilizing our recently developed double-stage large volume cell 11, 12 combined with a multi-angle energy dispersive X-ray diffraction (EDXD) technique 13 . The double-stage large volume cell enables us to compress large volume sample of 0.4 mm in diameter and 0.19 mm in height, which is approximately 10 3 times larger than a typical sample volume in the diamond anvil cell 8 , to high pressure conditions to 49.0 GPa. Such large sample volume is crucial for determining g(r) reliably for the low scattering material of GC. We found that the C-C-C bond angle in the GC slightly decreases with increasing pressure below 17.7 GPa, while it remains at ~120° up to 49.0 GPa. It clearly indicates that the type-I GC mainly consists of graphite-like structure up to 49.0 GPa, and does not transform to diamond-like tetrahedral sp 3 -bonded structure. On the other hand, the interlayer distance in the GC, i.e., the distance between graphene layers, significantly decreases with increasing pressure, and eventually approaches to the second neighbor C-C distance in graphene fragments at 31.4 GPa. Such a short distance between graphene layers may form linkages between the layers, which may be responsible for the high compressive strength of the compressed GC reported in previous studies 5, 6 . (Fig. 2b) . Therefore, the d 1 corresponds to the interlayer distance of graphite-like layered structure, while the d 2 and d 3 correspond to the intralayer distances. The shoulder peaks at ~3.6 and ~6.2 Å −1 in S(Q) (Fig. 1a) are higher-order diffractions of the first and second intense peaks.
Results and Discussion
The interlayer distance (d 1 ) considerably shortens with increasing pressure, compared to the intralayer distances (d 2 and d 3 ) (Fig. 2b) . The compression behavior of the d 1 , d 2 , and d 3 distances are in good agreement with those of the d-spacing of (002), (100)/(101), and (110)/(112) of compressed graphite 14 , respectively, indicating that the type-I GC compresses in the same manner as the graphite (Fig. 2b) . The first peak of S(Q) markedly weakens with increasing pressure, and eventually disappears at pressures between 31.4 and 36.0 GPa (Fig. 1a) . After releasing pressure, the first peak of S(Q) appears again (Fig. 1a) . Figure 3a ,b show the first (r 1 ) and second (r 2 ) peak positions of g(r), which correspond to the average first and second neighbor C-C distances of the GC, respectively. The average C-C-C bond angle (θ) is calculated from the r 1 and r 2 [θ = 2sin −1 (r 2 /2r 1 )] 15 ( Fig. 3c) , and the first coordination number (CN) is determined from the radial distribution function using the density data of the crystalline graphite 16 ( Fig. 3d) . O'Malley et al. 17 reported that www.nature.com/scientificreports www.nature.com/scientificreports/ the S(Q) obtained from X-ray scattering as this study represents the graphite-like short-to-medium range structure rather than micropores in the GC, because the micropores is at 50-100 Å scale 18 , and they proposed that the use of the density of graphite is suitable for the calculation of the CN of GC from the radial distribution function, rather than the bulk density of GC.
The r 1 of 1.39(1) and r 2 of 2.45(1) Å in GC at ambient pressure is comparable to those of graphite (1.42 and 2.46 Å, respectively). The r 1 and r 2 gradually increase with increasing pressure (Fig. 3a,b) , and we observed the r 1 and r 2 distances of 1.44(1) and 2.48(1) Å, respectively, at the highest pressure of 49.0 GPa. The r 1 distance of the compressed GC at 49.0 GPa is markedly smaller than that of diamond 19 (1.497 Å) (Fig. 3a) . The C-C-C bond angle at ambient pressure is 123.3(8)°, which is slightly larger than the ideal C-C-C bond angle in a carbon six-membered ring, 120°. At high pressures, the C-C-C bond angle decreases with increasing pressure at 0-17.7 GPa and it becomes almost constant at ~120(2)° above 17.7 GPa (Fig. 3c) . In addition, the CN of 2.67(9) at ambient pressure is slightly lower than that of graphite (CN = 3). The CN increases with increasing pressure and it becomes almost constant around 3-3.5 at high pressures (Fig. 3d) .
Our observed C-C-C bond angles close to 120° up to 49.0 GPa clearly indicate that the graphene layers are largely intact. Although previous spectroscopic studies 5, 6 suggested a sp 2 -sp 3 transformation in the type-I GC at 30-40 GPa, our results of the compressed GC up to 49.0 GPa are inconsistent with those of diamond-like structure that would display an average C-C-C bond angle of ~109.5°. Therefore, the so-called "amorphous diamond" is an inappropriate term for the superhard compressed GCs from the structure point of view.
We observed that the average interlayer distance (d 1 ) of the compressed GC decreases sharply with increasing pressure, and becomes very small at high pressure conditions (Fig. 2b) ; the d 1 at 31.4 GPa [2.50(9) Å] becomes comparable to the second neighbor C-C distance (r 2 ) of 2.48(1) Å (Table 1) , and it is expected to shorten further at higher pressures. The significant shortening of the interlayer distance at high pressure conditions may enhance interaction between graphene layers and eventually form linkages between the graphene layers as suggested by Hu et al. 7 . Similarly to our results, Hu et al. 7 showed reduction of the interlayer distance in the type-I GC after high-pressure and high-temperature treatment, and proposed the formation of σ-bond bridging at locally curved or buckling surfaces of the graphene layers. Our data show that the average CN of the nearest neighbor C-C bond distance increases with increasing pressure and becomes larger than three (Fig. 3d) , which may suggest formation of interlayer linkages at high pressure conditions.
Such linkages between graphene layers may be responsible for the disappearance of π-bonding feature in the XRS carbon K-edge spectra in Lin et al. 5 and the disappearance of G-band in the Raman spectra in Yao et al. 6 at 30-40 GPa. However, considering our observed C-C-C bond angles of ~120° up to 49.0 GPa, the linkages do not mean to form the tetrahedral sp 3 -bonding of crystalline diamond-like structure proposed by previous studies 5, 6 , www.nature.com/scientificreports www.nature.com/scientificreports/ but could be an anisotropic four-fold bonding between the trigonal planar layers. A recent study of Shiell et al. 10 shows a calculation result of existence of two different bond lengths in the sp 3 bond in the compressed GC, with the bonds aligned parallel to the compression axis being longer than those perpendicular to the compression axis, at high pressures, which also implies anisotropic four-fold bonding structure.
It is interesting to note that the S(Q) of the GC at >36.0 GPa measured in this study is similar to the XRD pattern of the "quenchable amorphous diamond" synthesized by Zeng et al. 8 at 50 GPa and 1800 K, which showed two intense peaks at ~3.1 and ~5.3 Å −1 without first peak around ~1.7 Å −1 in the XRD pattern. Zeng et al. 8 also showed the disappearance of the π-bonding feature from the EELS measurement of the quenched amorphous diamond, which is the same as the cold-compressed GC by Lin et al. 5 . These observations imply that the "quenchable amorphous diamond" may consist of the compressed graphite-like structure with linkages between the graphene layers proposed in this study, rather than 100% diamond-like tetrahedral sp 3 -bonded structure presented by Zeng et al. 8 . In addition, it has been reported that the crystalline graphite also loses half of the π-bonding feature at ~17 GPa at room temperature, based on inelastic X-ray scattering spectroscopy investigations 20 . Mao et al. 20 also suggested that the cold-compressed graphite consists of distorted graphene layers with partially bridging between the layers by σ bonds. The structural model of the cold-compressed graphite by Mao et al. 20 is similar to that of the compressed GCs in this study.
Moreover, the "high-temperature" GC (Sigradur-G) has been also reported to exhibit the sp 2 -sp 3 transformation above 30 GPa 9,10 . It is known that the interlayer distance between disordered graphene layers in the www.nature.com/scientificreports www.nature.com/scientificreports/ "high-temperature" GC, which encase fullerene-like nanospheroids, decreases with increasing pressure in the same manner as that in the "low-temperature" GC such as type-I GC at least up to 14.3 GPa 4 . The sp 3 bonds in the "high-temperature" GC suggested by Shiell et al. 9, 10 may also be the same as that of the compressed type-I GC proposed in this study. Further investigations such as precise g(r) of the "high-temperature" GC will be required to understand its bonding structure (e.g., diamond-like tetrahedral sp 3 -bonded structure or anisotropic four-fold bonded structure) at high pressures.
Our pair distribution function data revealed unique structure of the compressed glassy carbon with significantly short graphene interlayer distance and possible linkages between the interlayer, which may be the origin of the ultrahigh strength and hardness of the compressed GCs suggested by previous studies 5, 6, 8 . In fact, compressed GCs synthesized at 25 GPa with varying temperature by Hu et al. 7 shows marked increase of compressive strength and hardness with reduction of graphene interlayer distance. Because of relatively low-pressure condition of the experiments by Hu et al. 7 , the average interlayer distance is still long (~2.7 Å at 25 GPa in Fig. 2b ) and the strength and hardness are still lower than those of diamond. On the other hand, our data show that the graphene interlayer distance further decreases by further compression to 49.0 GPa, which is expected to increase compressive strength and hardness of compressed GC, possibly comparable to those of crystalline diamond as reported in some previous studies 5, 6, 8 . The formation of the linkages between the graphene layers could change not only the strength and hardness but also the electronic property 21 . Control of the interlayer distance in the GC by pressure would be a key to synthesizing various amorphous carbons with unique properties.
In summary, we have determined g(r) of the type-I GC up to 49.0 GPa under room temperature, by using the double-stage large volume cell combined with the multi-angle EDXD technique. Our results clearly show that the C-C-C bond angle stays at ~120° up to 49.0 GPa, and indicate that the type-I GC remains the graphite-like structure, instead of the transformation from graphite-like sp 2 -bonded structure to diamond-like tetrahedral sp 3 -bonded structure proposed by previous studies 5, 6 . On the other hand, we observed that the interlayer distance between graphene layers significantly shortens under ultrahigh pressure conditions and it becomes almost comparable to the second neighbor C-C distance at 31.4 GPa. The short interlayer distance above 31.4 GPa may cause formation of the linkages between graphene layers, as shown by the disappearance of π-bonding feature in Lin et al.
.
Our results propose that the compressed GCs consist of graphite-like layered structure with linkages between compacted graphene layers. The so-called "amorphous diamond" is inappropriate.
Methods
High-pressure experiments. High-pressure experiments were conducted using the double-stage large volume cell 11, 12 at the beamline 16-BM-B, High Pressure Collaborative Access Team (HPCAT) in the Advanced Photon Source 13 . We slightly modified the double-stage cell assembly of Kono et al. 11 ( Fig. 4) . We used a pair of (100)-oriented single crystal diamonds with a 1.2 mm culet as the second stage anvil. The large culet size of the second stage diamond anvil enables us to use large sample volume of 0.4 mm in diameter and 0.19 mm in height. We used a type-I GC plate (Alfa Aesar, 1.61 g/cm 3 by Archimedes' method) as the sample, which is the same material used in the reported studies [5] [6] [7] [8] . The GC sample was placed in the 0.5 mm diameter gasket hole without pressure medium to avoid diffraction peaks from the pressure medium in the XRD measurement. Pressure was determined by the equation of state of Au 22 , placed at the edge of the sample. Recovered samples from high-pressure conditions display black in color and not optically transparent. d 3 ) distances, the first (r 1 ) and second (r 2 ) neighbor C-C distances, the calculated C-C-C bond angles, and the coordination number (CN). *Pressure was measured before and after each structure measurement of the GC sample, because of the long measurement time (~9 hours), and the average pressures obtained before and after measurements are shown with the pressure differences as errors. 
11
. We used PEEK (polyether ether ketone) cylinder in the middle of the MgO sleeve and removed TiB 2 sleeve for minimizing X-ray absorption through the cell for obtaining better X-ray signal from the weak X-ray scattering GC sample.
www.nature.com/scientificreports www.nature.com/scientificreports/ Structure measurement by synchrotron X-ray diffraction. The structure measurements for GC were carried out via in situ multi-angle EDXD technique 13 . We conducted two high-pressure experiments ( Table 1 ). The structure of GC at ambient pressure was separately measured. The size of the incident white X-ray was adjusted to 0.1 mm in the vertical direction by a slit and the white X-ray was focused to 0.009 mm (full width at half maximum) in the horizontal direction by a Pt-coated mirror 12 . We collected a series of EDXD patterns at 2θ angles of 4.1°, 5.1°, 6.6°, 8.1°, 10.6°, 13.6°, 17.1°, 21.1°, 27.1°, and 33.1° using a Ge solid state detector (Canberra). Primary structure factor result was derived from the observed EDXD patterns using a software package developed by Dr. Funakoshi 23 . Pair distribution function was obtained by the Fourier transformation of the structure factor with the maximum Q of 15.0 Å −1 . We applied the Kaplow-type optimization procedure to determine final structure factor, S(Q), and pair distribution function, g(r), using an optimization procedure by Shen et al. 24 . The iteration in the optimization process is seven. The Lorch function was applied to remove the truncation effect on the final pair distribution function determination 25 .
